Members of the Dbl-homology (DH) family of proteins promote guanine nucleotide exchange on Rho GTPases. Lbc, which speci®cally acts on Rho but not Rac or Cdc42, was isolated as a transforming oncogene and is composed of a DH and a Pleckstrin-homology (PH) domain. We show here that the Lbc DH domain alone is capable of stimulating new DNA synthesis in quiescent ®broblasts and Rho-dependent actin stress ®ber assembly. However, the PH domain is required for subcellular localization of Lbc along actin stress ®bers and for ecient transformation of NIH3T3 cells. The results show that, in contrast to other Dbl-homology proteins, the PH domain of Lbc is dispensable for activation of Rho in vivo. The PH domain-dependent subcellular localization of Lbc may, however, be important for growth factor activation of endogenous Lbc and for oncogenic transformation.
Introduction
Members of the Rho GTPase (Rho, Rac and Cdc42) family of small molecular weight GTP-binding proteins control important aspects of cell shape, adhesion and movement (Ridley, 1996) . In addition, Rho GTPases are involved in the regulation of cell growth during the G1 phase of the cell cycle as well as during cytokinesis (Kishi et al., 1993; Olson et al., 1995; Takaishi et al., 1995; Yamamoto et al., 1993) . One way in which the Rho GTPases might contribute to the control of G1 progression is through signal transduction pathways regulating gene transcription (Vojtek and Cooper, 1995) .
Small GTPases are activated by guanine nucleotide exchange factors (GEFs) which promote the exchange of GTP for GDP. In the case of Rho family of GTPases, it is believed that the Dbl Homology (DH) protein family members act as cellular GEFs (Cerione and Zheng, 1996; Whitehead et al., 1997) . The DH family is currently comprised of 16 proteins that share two conserved domains, a *250 amino acid DH domain and an adjacent *100 amino acid Pleckstrin Homology (PH) domain. The DH domain is the functional unit responsible for RhoGEF activity (Chuang et al., 1995; Hart et al., 1994; Zheng et al., 1996) while the PH domain may be responsible for cellular localization via interactions with lipids and/or proteins (Mahadevan et al., 1995; Zheng et al., 1996) .
Lbc is a DH-containing protein with GEF activity speci®c for Rho both in vitro and in vivo (Zheng et al., 1995) . The oncogenic form of Lbc was ®rst isolated as a carboxy-terminal truncated version of the protooncogene (PS and DT, manuscript submitted) which was capable of transforming NIH3T3 ®broblasts to a malignant phenotype (Toksoz and Williams, 1994) . Onco-Lbc consists almost exclusively of the DH and PH domains. In this study, we have assessed the relative contributions of these two domains to the biological activities of onco-Lbc, namely induction of DNA synthesis in quiescent cells, oncogenic transformation and actin stress ®ber assembly. We show that microinjection of the DH domain alone is sucient for inducing DNA synthesis and actin stress ®ber assembly, but that the PH domain is also required for subcellular localization of Lbc along actin stress ®bers and for oncogenic potency.
Results and discussion
We have shown previously that microinjection of constitutively active Rho protein into quiescent Swiss 3T3 ®broblasts was sucient to promote new DNA synthesis . In order to determine whether speci®c activation of endogenous Rho could also induce G1 progression, Swiss 3T3 cells were microinjected with recombinant onco-Lbc protein and assayed for the incorporation of BrdU. Cells microinjected with onco-Lbc protein, (along with 1 mg/mL rat IgG as an injection marker, Figure 1 Onco-Lbc consists principally of two protein motifs, the DH RhoGEF domain and the PH domain. Previous studies have shown an absolute requirement for both intact DH and PH domains for oncogenic transformation of NIH3T3 ®broblasts by the Dblhomology proteins Dbl , Ost, (Horii et al., 1994) , Lfc (Whitehead et al., 1995b) , Lsc (Whitehead et al., 1996) and Dbs (Whitehead et al., 1995a) . To determine the relative contributions of the DH and PH domains to the induction of G1 progression by Lbc, eukaryotic expression vectors encoding the isolated domains were constructed as shown in Figure 2 . Quiescent Swiss 3T3 ®broblasts were microinjected with plasmid DNA corresponding to onco-Lbc, Lbc-DH or Lbc-PH along with rat IgG as the injection marker. Rat IgG was microinjected alone as a control. In addition, onco-Lbc was comicroinjected with C3 transferase (50 mg/mL) which inhibits Rho by ADP-ribosylation. Expression from the microinjected plasmid constructs was monitored in parallel using anti-FLAG epitope monoclonal antibody or rabbit polyclonal anti-Lbc antibody (data not shown). As shown in Figure 3 , onco-Lbc and Lbc-DH stimulated DNA synthesis to a similar extent and co-microinjection of onco-Lbc with C3 toxin blocked the mitogenic response. There was also no stimulation of DNA synthesis in Lbc-PH or rat IgG injected cells. These results support the conclusion that the stimulation of G1 progression and entry into S phase in microinjected cells results from the activation of Rho by the Lbc DH domain independently of the PH domain.
Since a requirement for an intact PH domain has been suggested for oncogenic transformation of NIH3T3 ®broblasts by Dbl-homology proteins, we wished to test the transforming activity of the various Lbc constructs depicted in Figure 2 . In addition, an invariant Tryptophan residue (position 404) that occurs in all PH domains and which has been shown to be essential for the transforming ability of the Lsc and Lfc Dbl-homology oncogenes (Whitehead et al., 1995b (Whitehead et al., , 1996 was changed to Leucine in onco-Lbc W404L. As shown in Table 1 , onco-Lbc potently transformed NIH3T3 cells with 1197 u/pmol of plasmid. Both Lbc-DH and onco-Lbc W404L, on the other hand, showed dramatically reduced activity con®rming a requirement for an intact PH domain in transformation. The morphology of the onco-Lbc, onco-Lbc W404L and Lbc-DH foci were indistinguishable with densely packed clusters of cells as previously described (Toksoz and Williams, 1994) . Lbc-PH did not yield transformed loci. Furthermore, full onco-Lbc transformation activity was not restored when a combination of the Lbc-DH and Lbc-PH constructs were cotransfected (data not shown), showing that the two domains must be contiguous for full transforming activity.
We showed previously that Lbc stimulated the formation of Rho-dependent actin stress ®bers and focal adhesion complexes (Olson et al., 1996; Zheng et al., 1995) . When microinjected cells were ®xed and stained for ®lamentous actin structures and Lbc localization after relatively short times following microinjection (2 ± 4 h), onco-Lbc was localized almost exclusively along actin stress ®bers and this appeared to be in a punctate staining pattern (Figure 4) . When microinjected cells were allowed to express onco-Lbc for 16 ± 20 h, very high levels of protein were produced and under these conditions signi®cant cytoplasmic staining was observed in addition to actin ®ber costaining, suggesting that the cytoskeletal Lbc-binding sites are saturable (data not shown).
In order to determine the roles played by Lbc DH and PH domains in the subcellular localization and Williams, 1994) . Structural domains of the proteins are abbreviated as follows: DH, Dbl-Homology; PH, PleckstrinHomology stimulation of stress ®ber assembly, quiescent serumstarved Swiss 3T3 ®broblasts were microinjected with plasmid DNAs then Lbc expression and ®lamentous actin structures visualized after 2 ± 4 h. As shown in Figure 5 onco-Lbc, Lbc-DH and Lbc W404L all stimulated the formation of actin stress ®bers while Lbc-PH did not. It appears, therefore, that the PH domain is dispensable for both G1 progression and actin stress ®ber assembly induced by onco-Lbc. In contrast with onco-Lbc (Figures 4 and 5) , Lbc-DH and Lbc W404L showed a very weak, if any, colocalization with stress ®bers and were found predominantly in a diuse cytoplasmic distribution ( Figure 5 ). No cytoskeletal co-localization of Lbc-PH was evident when actin stress ®bers were induced by the addition of 10% fetal calf serum or 5 mM sphingosphine 1-phosphate (data not shown). Furthermore expression of the Lbc-PH domain did not inhibit stress ®ber formation induced by these agents (data not shown). Many isolated PH domains have been shown to have high anity for phosphoinositides or inositolphosphates and it has, therefore, been proposed that the function of PH domains is to localize proteins to the plasma membrane (Shaw, 1996) . Indeed, in the case of phospholipase C delta 1 (Paterson et al., 1995) , human Actin Onco-Lbc Figure 4 Onco-Lbc is localized along actin stress ®bers. Serum-starved Swiss 3T3 cells were microinjected with 0.1 mg/mL oncoLbc plasmid DNA, allowed to express protein for 4 h then ®xed and stained with TRITC-conjugated phalloidin (left panel) and anti-FLAG monoclonal antibody and FITC-conjugated donkey anti-mouse antibody (right panel) NIH3T3 cells were seeded at 1.3610 5 cells/100 mm dish in DMEM and 10% newborn calf serum, the next day, 0.025 ± 1 mg of plasmid was transfected with 15 mg of high molecular weight NIH3T3 carrier DNA. Transfectants were fed with DMEM and 5% lot-selected calf serum every third day, stained with crystal violet at day 12 ± 14 post transfection, and foci counted. Each group contained 3 ± 4 dishes, and each experiment was performed three times. Mean number of foci/pmol DNA+standard deviation was calculated beta 1 sigma II spectrin (Wang et al., 1996) , Sos (Chen et al., 1997) and b-adrenergic receptor kinase (Pitcher et al., 1995) data supports the model of the PH domain acting as a plasma membrane targeting module. However, in the case of the Dbl-homology protein family the role of the PH domains in subcellular localization is less clear. Previous studies have demonstrated an absolute requirement for the PH domain for oncogenic transformation of NIH3T3 cells by the Dbl-homology proteins Dbl, Ost, Lfc, Lsc and Dbs (Horii et al., 1994; Whitehead et al., 1995a Whitehead et al., ,b, 1996 Zheng et al., 1996) . Lfc retained transforming activity when the PH domain was replaced with the carboxy-terminal isoprenylation signaling sequence of N-Ras, consistent with the membrane localization model (Whitehead et al., 1995b) . In contrast, transforming ability of Dbl was lost when the PH domain was replaced with the Ha-Ras membrane localization sequence suggesting that the Dbl PH domain does not function to direct the protein to the plasma membrane. We now show here that the PH domain of Lbc is required for ecient localization of Lbc along actin stress ®bers and that this is required for ecient transforming activity. Surprisingly, ecient localization of Lbc to stress ®bers does not appear to be required for induction of G1 progression, suggesting that cellular transformation requires separate or additional activities to induction of DNA synthesis. Consistent with this conclusion, we have found that microinjection of constitutively active Rho protein will promote new DNA synthesis , however, under conditions where oncoLbc robustly transforms NIH3T3 cells, constitutively active Rho does not (data not shown).
The sites along stress ®bers with which Lbc associates, appear to be distributed in a punctate fashion, but their identity is unknown. They may be sites at which phosphoinositides are concentrated or sites of protein complexes that anchor actin ®laments to the plasma membrane. We and others have shown that slow turnover of actin occurs uniformly along actin stress ®bers (Machesky and Hall, 1997; Wang, 1987) ; the distribution of Lbc would be consistent with activation of Rho along stress ®bers to mediate this turnover.
Materials and methods

DNA constructs
pSRneo-FLAG-onco-Lbc plasmid has been described (Zheng et al., 1995) . Site-directed mutagenesis was used to generate single point mutations in the onco-Lbc cDNA using the Muta-Gene Phagemid In Vitro Mutagenesis kit (Bio-Rad). Following subcloning of the onco-Lbc cDNA into the pTZ phagemid, mutagenesis was carried out according to the manufacturer's recommended procedure. The conserved Tryptophan (TGG) residue at codon 404 in the PH domain was replaced by a Leucine (TTG) residue using the primer 5'-ATCTGAATCAAGCTGTTTC-3'. After sequencing to verify the mutation, mutant cDNAs were subcloned into the pSRNeo expression vector by restriction digestion and ligation.
The PH and the DH domain deletion mutants in oncoLbc cDNA were generated by PCR using PFU DNA polymerase according to a two-step process (Kunkel, 1985) . Two PCR products were generated which¯ank the region to be deleted using primers which encode overlapping sequence at their 3' or 5' end. Following gel puri®cation and`Genecleening', a ®nal PCR was performed using extreme 5' and 3' primers to generate a contiguous sequence. XhoI and BamHI sites were incorporated into the 5' and 3' oligonucleotides. 5' oligonucleotides contained an in-frame GAACATG sequence to initiate translation of truncated proteins while the 3' oligonucleotides contained an in-frame octamer FLAG epitope (Kodak Intl. Biotech.) sequence followed by a TGA stop codon at the desired positions for the C-terminal mutants. Compatible ends for ligation were generated by sequential digestion and Genecleening', followed by ligation to BamHI and XhoI digested pSRNeo vector (Takebe et al., 1988) . The domain deletion constructs were sequenced in entirety to ensure sequence ®delity.
DNA for microinjection was prepared by a standard CsCl gradient puri®cation method (Sambrook et al., 1989) .
DNA synthesis assay
Swiss 3T3 ®broblasts were assayed for the induction of new DNA synthesis following microinjection using the nucleotide analog BrdU as described .
NIH3T3 cell transfection and focus formation assays
NIH3T3 cells (D4 subclone gift of CJ Marshall) were transfected and assayed for focus formation as described in (Toksoz and Williams, 1994) .
Actin Lbc
Onco-Lbc Lbc DH Onco-Lbc W404L Lbc PH Figure 5 Lbc DH domain is sucient for induction of actin stress ®bers but PH domain directs subcellular localization. Serum-starved Swiss 3T3 cells were microinjected with 0.1 mg/ mL plasmid DNA encoding Lbc constructs as indicated. Actin cytoskeletal structures in cells expressing the Lbc constructs were visualized with TRITC-conjugated phalloidin (left panels). OncoLbc, Lbc W404L and Lbc-PH expression were detected with anti-FLAG epitope antibody followed by FITC-conjugated donkey anti-mouse antibody and Lbc-DH expression was detected with polyclonal rabbit anti-Lbc followed by FITC-conjugated donkey anti-rabbit antibody (right panels). Scale bars represent 2.5 mm
Microinjection and immuno¯uorescence of Lbc and actin cytoskeleton
Plasmid DNA (0.1 mg/mL) was microinjected into the nuclei of Swiss 3T3 ®broblasts and 2 ± 4 h later cells were ®xed in 4% paraformaldehyde (Sigma) for 10 min, permeabilized with 0.5% Triton X-100 (Sigma) for 10 min, blocked with 10% fetal calf serum (Sigma) for 10 min and expressed protein visualized by incubating for 1 h with 5 mg/mL of anti-FLAG epitope antibody (M2; Kodak) followed by incubation for 45 min with 5 mg/mL of FITC-conjugated donkey anti-mouse antibody (Pierce) or with a 1 : 200 dilution of rabbit polyclonal anti-Lbc antibody followed by 5 mg/mL of FITC-conjugated donkey anti-rabbit antibody (Pierce). Actin structures were visualized by incubating with 0.1 mg/mL TRITCconjugated phalloidin (Sigma) for 45 min. All primary and secondary antibody incubations were carried out in 50 mL of PBS containing 0.1% w/v bovine serum albumin (Sigma) at room temperature. Cells were photographed using a Bio-Rad MRC 1000 confocal microscope using BioRad CoMOS version 7.0a software or using a Zeiss Axiophot microscope with TMY-400 ®lm (Kodak).
Protein expression C. botulinum C3 transferase was produced as a recombinant GST-fusion protein in E. coli (kind gift of Dr L Feig) as described (Dillon and Feig, 1995) and released from GST by thrombin treatment (Sigma). Onco-Lbc was produced using the baculovirus/Sf9 expression system (Zheng et al., 1995) .
